This study investigated the concentrations of polycyclic aromatic hydrocarbons (PAHs) in pyrogenic carbonaceous materials (PCM) produced from three waste materials during slow pyrolysis at 400 and 500°C. As feedstocks bone meal (BM), biogas slurry (BC) and chicken manure (CM) were used. As potentially problematic substances 1-and 2-methylnaphthalene were analysed as indicators for methylated hydrocarbons in pyrolysis products. The phytotoxic effect of soil amendments was evaluated by a standard cress germination test with Lepidium sativum L. The analysis showed higher concentrations of the sum of 16 US-EPA PAHs in samples produced at lower temperature and in samples produced from biogas slurry. Concentrations of 1-and 2-methylnaphthalene showed similar trends with concentrations in a range of 35-205% of the sum of 16 PAHs. Germination tests showed inhibition effects of products from biogas slurry when applied in concentrations of >10 % to standard substrate/. Apparently pyrolysis of biogas slurry requires special attention to avoid accumulation of PAHs and methylated naphthalenes.
Introduction
In a sustainable society renewable resources should substitute non-renewable ones wherever possible. Waste and by-products from various industrial processes and municipal waste are still frequently disposed in landfills whereas in the past they often have been discharged to the sewage water system or to the aquatic environment (FRIŠTÁK and SOJA, 2015) . The application of untreated sewage sludges to agricultural land is regionally either completely banned or tightly controlled. Depending on national regulations, mono-incineration of sludge is seen as a promising utilization strategy but the nutrient constituents may be lost if the resulting ash is landfilled. The importance of organic waste and manures recycling to maintain crop production has been recognized by farmers for thousands of years. However, repeated and excess application of these wastes to limited acreage of land has occasionally resulted in excessive nutrient accumulation in soils with subsequent runoff and leaching losses to water bodies, causing water eutrophication and quality deterioration (MORENO-JIMENEZ et al., 2016) . Pyrolysis as a carbonization technique that converts organic materials thermo-chemically into recalcitrant aromatic carbon compounds represents a highly effective and reliable treatment method to avoid nutrient losses and create a more stable material for fertilization (GALAMBOŠ et al., 2015; LEHMANN and JOSEPH, 2015; VÍGLAŠOVÁ et al., 2016) . The process requires an inert atmosphere with low or no oxygen and temperatures usually in the range 300-1000°C. For the production of biochar as a nutrient carrier for crops it is necessary to use residual or waste materials (livestock manures, slurries, animal residues, food processing wastes, bones) which need to be monitored for potential contaminations with organic and inorganic xenobiotics. Incomplete combustion and pyrolysis also may cause the formation of polycyclic aromatic hydrocarbons (PAHs). At lower pyrolysis temperature as a main condition for PAH formation dehydrogenation, dealkylation, cyclization and aromatization of present polymers can be observed (HILBER et al. 2012) . SIMONEIT (1998) mentioned the effect of high pyrolysis temperature on organic compounds from feedstock via cracking into small and highly reactive free radicals followed by pyrosynthesis. In this process free radicals form more stable aromatic structures through recombination reactions. However, the effect of feedstock composition is still not well understood. HALE et al. (2012) described this factor as main determinant in the assessment of the aromatic compound formation potential during the carbonization processes. Authors showed the general trends in PAHs formation linked to higher production temperatures. As we know moisture of feedstock and oxygen level as well contribute to PAHs formation during pyrolysis process. Finally pyrolysis time represent important parameter which could enhances the PAHs formation. ZIELENSKA and OLESZCZUK (2015) as well HOSSAIN et al. (2011) discussed the effect of pyrolysis temperature and different feedstock composition on the creation of PAHs in sewage sludge-derived biochars. Additionally, pyrolysis products can be also contaminated during pyrolysis by recondensation of pyrolysis vapours (BUSS and MAŠEK, 2014) . The application of biochars or pyrolysis products as soil fertilizers with critical concentrations of aromatic compounds can lead to increasing PAHs concentrations fixed on soil structures. Therefore the screening of hazardous aromatic compounds is relevant and much in demand. Generally, in most existing biochar quality standardization protocols the 16 EPA-PAHs of the United States Environmental Protection Agency (USEPA, 2000) have been established as a main quality control parameter to evaluate the potential risk of aromatic compounds in soil amendments for soil contamination. However, recently the scientific discussions have shifted their focus also on methylated structures of naphthalene (Table 1 ) which could be analyzed in char products from animal residues and bones (WU et al., 2012) . These aromatics are present naturally in cigarette smoke, wood smoke, tar, and asphalt. They represent relevant structures which could be included in the assessment of PAHs contamination as an indicator for clean production conditions.
The main aim of this study was to quantify the content of 16 EPA PAHs, 1-methylnaphthalene and 2-methylnaphthalene as new structures in pyrolysis products produced from bone meal, biogas slurry and chicken manure and finally evaluate the potential risk for plant seed germination.
Material and methods

Feedstock preparation and pyrolysis
Commercially available materials such as bone-meal (BM), biogas slurry (BS) and chicken manure (CM) were oven dried or lyophilised (Table 2) . Pyrogenic carbonaceous materials (PCM) were produced by slow pyrolysis from all three treated feedstocks at two temperatures (400 and 500°C). Thermochemical conversion was carried out at a residence time of 120 min in a modified lab-scale pyrolysis reactor with nitrogen as flush gas (FRIŠTÁK et al., 2014) . After pyrolysis process the resulting products with production yields 30 -40 % were ground and sieved to achieve a fraction <200 μm. The obtained pyrolyzed samples of bone-meal (BM-PCM), biogas slurry (BS-PCM) and chicken manure (CM-PCM) were directly stored in polypropylene boxes under dry and cool (4 °C) conditions for further characterization and experiments. 
Pyrolysis products characterization
The active pH values of samples were measured after mixing the samples with deionized water (ratio 1:15 m/v) for 1 h and 1 h of stabilization. Electrical conductivities (EC) of samples were measured in deionized water (1:10 m/v) after 24h of mixing. The total contents of C, H, N and S in samples were determined using a CHNS-O Elemental Analyzer (CHNS-O EA 1108, Carlo Erba Instruments, Italy). Total Cd, Cu and Pb concentrations in materials were determined using ICP-MS (Perkin Elmer, Elan DRCe 9000, USA) after wet digestion with HNO 3 and H 2 O 2 (ENDERS and LEHMANN, 2012).
Determination of PAHs in pyrolysis products
The total concentrations of the 16 US-EPA PAHs in pyrogenic carbonaceous materials were determined by Soxhlet extraction (toluene, solid/liquid: 1/15, 6h, 120°C) and a modified method described by HILBER et al. (2012) . For comparison ethyl-acetate (solid/liquid: 1/15, 6h, 80°C) as extraction agent was used as alternative extractant. The obtained toluene and ethyl-acetate extracts were evaporated to 1 ml using a rotary vacuum concentrator. After purification and filtration, the concentrated extracts were analysed by HPLC coupled with DAD (λ = 310 nm) and FLD (Ex = 260 nm, Em = 350 nm, 420 nm, 440 nm, 500 nm) detectors. 16 US-EPA PAHs standard solution (MERCK, Germany) was used to prepare internal standard solutions of known concentrations. The chromatographic apparatus consisted of a Agilent 1100er series model, degasser G1379A, quaternary pump G1311A, column GRACE/Vydac® C18 polymeric reversed-phase, 4.6 × 250 mm, 5 μm and GRACE/ Vydac® C18 guard LU min column, 4.6 × 7.5 mm, 5μm. The composition of mobile phase as a mixture of ultrapure water and acetonitrile varied during time of analysis. The determination of 1-and 2-methylnaphthalene was done in the extracts of BMPCM, BSPCM and CMPCM with the analogue design of HPLC coupled to FLD detector (Ex = 260 nm, Em = 350 nm). Standard solutions of 1-and 2-methylnaphtalene (250 mg L -1 , MERCK, Germany) were used to prepare internal mix solutions at known concentrations. The limit of detection (LOD) and limit of quantification (LOQ) for both substances were determined as 8 μg L -1 and 20 μg L -1 , respectively. Good repeatability (RSD 0.4 % (1-methylnaphthalene) and 1.3 % (2-methylnaphthalene) and linearity of the applied method was confirmed for the range 0.05-125 mg L -1 . Characteristic chromatograms of studied substances are shown in Fig. 1. 
Germination test
The potentially phytotoxic effects of pyrolysis products were assessed with a germination test according to a standardized method (ÖNORM S2023). Briefly, test materials BM-PCM 400, BM-PCM 500, BS-PCM 400, BS-PCM 500 CM-PCM 400 and CM-PCM 500 were mixed with the standard substrate (mixture of Einheitserde ED63 (natural clays, peat, block peat) and sand; 9:1) in proportions of 10 and 30% and moistened to 60 % water holding capacity. The substrate samples were placed in pots according to the experimental design shown in Fig. 2 , followed by incorporation of 30 cress seeds (Lepidium sativum L.). The germination rate was determined during the first 6 days of growth under greenhouse conditions (22°C, light period l/d 12/12h) and constant water content. 
Results and discussion
Elemental characteristics of pyrolysis products
Basic physico-chemical characterizations of pyrogenic carbonaceous materials BM-PCM 400, BM-PCM 500, BS-PCM 400, BS-PCM 500 CM-PCM 400 and CM-PCM 500 showed slight differences in pH and EC between samples prepared at 400 and 500°C. Generally pH increased in the order of BM-PCM (9.9-10.0) < CM-PCM (10.1-10.2) < BS-PCM (10.4-10.5). (Table 3 ) confirmed differences in C, H, N and S contents of materials prepared from different bio-waste feedstocks. As the pyrolysis temperature increased, the total carbon concentrations of bone meal and chicken manure-derived pyrogenic carbonaceous material increased, while hydrogen, nitrogen and sulphur decreased. At higher pyrolysis temperatures some amorphous carbon could have been converted into aromatic carbon (KEILUWEIT et al., 2010; REN et al., 2016) . Additionally, with rising temperature an increased volatilization of proteins and decomposition of remaining lignocelluloses can be observed (TSAI et al., 2012) . REN et al. (2016) showed after pyrolysis of pig manure increases in total C content, dependent on pyrolysis temperature. Their pig manure-derived materials pyrolyzed at 300°C contained more than 62 % total C. As we realized the chicken manure feedstock contained a variable amount of straw which could affect total carbon content in pyrolysis products. In our study PCM-products produced by thermochemical conversion of biogas slurry showed slightly increasing total C, H, N and S contents at lower temperature. These heterogeneous mixtures which are characterized by comparable compositions to sewage sludges apparently contain more volatile compounds and have potentially lower lignocellulosic content. By pyrolysis of these materials a carbon content of 28-35 % can be reached in the pyrogenic products, depending on temperature. Additionally, Table 3 shows the total Cd, Cu and Pb concentrations which were 1.5 -2 folds higher compared to metal contents in feedstocks due to H, N and O losses. Organic wastes such as biosolids, slurries and sludges are generally known to contain high concentrations of potentially toxic elements (PTEs) which remain in the final pyrogenic products (LU et al., 2013) . CELY et al. (2015) showed similar contents for comparison of different manure-based pyrolysis products and evaluation of their agronomic properties. Our results revealed relatively high sulphur and lead contents in BS-PCM samples which can be one of the factors to restrict the application of these heterogeneous materials as soil amendments. Elevated concentrations of PTEs in soil fertilizers can affect seed germination and plant metabolism. Most of the PTEs concentrations in studied materials were lower as thresholds permitted by European Biochar Certificate EBC (2012) 
PAH concentrations
Polycyclic aromatic hydrocarbons are produced during pyrolysis process of lignocellulose materials and are dependent on pyrolysis temperature (LEHMANN and JOSEPH, 2015) . High temperatures (>600°C) during pyrolysis of plant residues were reported to be propitious for reducing the content of PAHs due to nuclear condensation into large, non-extractable sheets and strong sorptive retention by condensed phases (QIU et al., 2016) . However, in case of more heterogeneous feedstocks such as slurries, sludges and manures this trend can be completely different. Our analyses revealed quite variable concentrations of the sum of 16 PAHs in bone meal-(BM-PCM), biogas slurry-(BS-PCM) and chicken manure-(CM-PCM) derived pyrogenic carbonaceous materials produced at 400 and 500°C (Table 4) . We could not confirm the direct dependence of 16 US-EPA PAHs concentrations on the temperature of thermochemical conversion. Table 4 . Mean concentrations of Σ16 EPA PAH compounds, 1-and 2-methylnaphthalene in toluene extracts of bone meal-(BM-PCM), biogas slurry-(BS-PCM) and chicken manure-(CM-PCM) derived pyrogenic carbonaceous materials produced at 400 and 500°C. Samples produced from bone meal and chicken manure showed generally lower levels than the limits established in the European Biochar Certificate for basic quality but not for premium quality (EBC, 2012) . On the other hand, samples BS-PCM 400 and BS-PCM 500 exceeded the basic quality thresholds for the sum of 16 US-EPA PAHs, with the highest concentrations for phenanthrene, fluorene, naphthalene and chrysene. Naphthalene was the major contributor (>65%) to the total PAHs content in samples derived from biogas slurry. The extraction efficiency tested by toluene and ethyl-acetate extraction protocols showed similar and comparable results (R 2 0.87).
Concentrations of 1-methylnaphthalene and 2-methylnaphthalene
Methylated PAHs such as 1-and 2-methylnaphthalene provide 10-20 times lower degradation efficiency and thus are more persistent in water and aquatic ecosystems compared to non-methylated naphthalene (HEITKAMP and CERNIGLIA, 1987) . Determination of concentrations of both chemical compounds (Fig. 4 ) in toluene and ethyl-acetate extracts of studied samples showed similar trend as in Σ16 US-EPA PAHs contents. Generally, contents of 1-methylnaphthalene and 2-methylnaphtalene increased in order BM-PCM < CM-PCM < BS-PCM. The highest concentrations were determined in samples produced from biogas slurry and chicken manure at 400°C. Concentrations of methylated structures represented 35-205 % of the sum of 16 US-EPA PAHs in the analysed samples. This fact showed a potential risk to be considered in the assessment of carbonaceous materials as soil fertilizers. For comparison, SHACKLEY et al. (2012) found concentrations of 1.77 and 1.36 mg kg -1 for 1-methylnaphthalene and 2-methylnaphtalene, respectively, in rice husk char produced by gasification process. However, standardized concentration thresholds for these chemical structures in potential soil fertilizers produced from heterogeneous materials such as sludges or slurries are still missing and provide a new question in environmental policy for this kind of products.
Germination test of pyrolysis products
Germination rates of cress seeds (Lepidium sativum L) were affected by all tested materials when 10 or 30% were added to the growth substrate (Fig. 5) . The higher LU min application rate of pyrolysis materials intensified adverse effects or reduced positive effects on cress germination. In comparison with control (non-amended sample) CM-PCM400 and CM-PCM500 samples in 10% application rate showed positive effects and BS-PCM400, BS-PCM500 negative effect on seeds germination. At samples BM-PCM400, BM-PCM500 no significant change was observed compared to control. 30% application rate showed 10-20% reduction compared to an addition rate of 10%. Positive or neutral effects on cress germination were confirmed at CM-PCM500 and CM-PCM400 treatments. On the other hand, BS-PCM400, BS-PCM500, BM-PCM400, and BM-PCM500 showed significantly negative effects on germination rates. This trend is in accordance with the chemical characterizations of PAH concentrations and metals (such as Cd and Cu) that apparently pose a risk by releasing germination inhibitors when PCMs are applied in such high concentrations as in these tests. 10% application rate 30% application rate A phytotoxic influence of mobile organic compounds on cress germination was extensively described by BUSS and MAŠEK (2014) . The authors identified specific volatile organic compounds (vapours) and pyrolysis liquids (mainly crude-oils) which could play a role in inhibition of biochemical and biological processes. As mentioned before, pyrolysis products could be contaminated by production and re-condensation of various organic compounds during the pyrolysis process. Subsequently, a solid pyrolysis product can release organic structures which may become toxic for biological systems and can have an adverse effect on germination. Based on these scenarios, it is required to take a closer look on product characteristics not only of the solid but also of the liquid and gaseous fraction. More volatile forms such as phenolic substances could be relevant for phytotoxic effect evaluation (LENTZ and IPPOLITO, 2012) . Due to their micro-structure and high porosity, biochars and pyrogenic carbonaceous products provide a large storage potential for such substances. The study of new structures (PAHs, phenolic species) which could be relevant during the carbonization process should be incorporated into the quality control of new pyrolysis products which are intended as soil amendments.
Conclusions
Re-condensation of liquid and gaseous substances during the pyrolysis process resulted in pyrogenic carbonaceous materials with partially high content of organic compounds that could have phytotoxic effect. The quantification of standardized sum of 16-USEPA PAHs and methylated naphthalene structures showed a potential risk in utilization of heterogeneous waste materials such as biogas slurry for fertilizer production. Our study confirmed for concentrations of PAHs the possibility to comply with EBC thresholds (4 or 12 mg kg -1 resp.) for materials produced from chicken manure and bone meal. These materials showed no-toxic effects in germination tests with cress seeds. When using biogas slurry as feedstock, PAH accumulation in the pyrolysis product has to be carefully observed and effectively avoided by advanced management of volatiles in the reactor.
